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i SECOND SEMI-ANNUAL REPOKT TO THE 

NATISNAL AERCNAUTICS Aiu’D SPACE ADMINISTRATION 

ON RESEARCH GRANT NsG-601 

NOVe 30, 1964 - May 31, 1965 

The research being conducted under this grant is aimed at 

obtaining a more fundamental understanding of some of the as- 

pects of oscillatory combustion. 

but related, investigations being conducted under this grant. 

Part A gives a report of research conducted on the measure- 

ments of drop size and velocity distributions in sprays. 

Parts B-1 and B-2 give a report of research conducted on heat 

transfer from a gas to a solid surface when the gas is under- 

going large pressure oscillations. 

research conducted on the vaporization of liquid under condi- 

tions where the liquid may pass through its critical point. 

Some details of the apparatus used in measuring drop sizes and 

velocities are given in Appendix A.  

There are three separate, 

Part C gives a report of 



A .  Drop S i z e  D i s t r i b u t i o n s  i n  S p r a y s  
(H. E i r o y a s u ,  R .  Sowls)  
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Over t h e  p a s t  s e v e r a l  y e a r s  much work h a s  been  done a t  

t h e  U n i v e r s i t y  of Wiscons in  on d e v e l o p i n g  a p p a r a t u s  and  methods 

f o r  s t u d y i n g  d r o p l e t s  i n  s p r a y s .  

most o f  t h e  work done on t h i s  p r o j e c t  was d e v o t e d  t o  d e v e l o p i n g  

a p p a r a t u s  and t e c h n i q u e s  f o r  s t u d y i n g  d r o p l e t s  i n  s p r a y s  i n  

which t h e  s p r a y  l i q u i d  c o n t a i n e d  a f l u o r e s c e n t  d y e ,  and  t o  

develqir\ . ,n a:: automatic method of o b t a i n i n g  n u m e r i c a i  d a t a  

f rom t h e  p h o t o g r a p h s .  A t  t h a t  t ime, t h e  f l u o r e s c e n t  t e c h n i q u e  

was c a p a b l e  of g i v i n g  s p a t i a l  d r o p  s i z e  d i s t r i b u t i o n s  a t  a l m o s t  

P r i o r  t o  t h e  summer o f  1 9 6 4 ,  

any s e c t i o n  i n  t h e  s p r a y .  

t h e  s p a t i a l  d r o p  s i z e  d i s t r i b u t i o n s  so o b t a i n e d  t o  t h e  mass 

f l u x .  

The n e x t  s t e p  was t o  t r y  t o  r e l a t e  

I t  is e v i d e n t  t h a t  mass f l u x  of a s p r a y  l i q u i d  i s  re la ted  

Dur ing  t h e  p a s t  y e a r ,  t h e  work t o  d r o p  s i z e  by d r o p  v e l o c i t y .  

done  on t h i s  p r o j e c t  h a s  been p r i m a r i l y  d e v o t e d  t o  e x t e n d i n g  

t h e  f l u o r e s c e n t  t e c h n i q u e  so t h a t  i t  c a n  b e  used t o  measure 

d r o p  v e l o c i t i e s  i n  a s p r a y  as well as d r o p  s izes .  The most 

o b v i o u s  method o f  p h o t o g r a p h i c a l l y  measu r ing  d r o p  v e l o c i t i e s  

i n v o l v e s  f o c u s i n g  a s u i t a b l e  camera so t h a t  i t s  d e p t h  of f o c u s  

i s  p a r a l l e l  t o  and  i n c l u d e s  t h e  p a t h  of  mot ion  o f  t h e  d rop .  

Then t h e  d r o p  c a n  be i l l u m i n a t e d  by two v e r y  s h o r t  p u l s e s  of 

l i g h t  s e p a r a t e d  by a s h o r t  known p e r i o d  of t ime so t h a t  two 

images  of each d r o p  w i l l  a p p e a r  on t h e  f i l m .  The v e l o c i t y  of  

t h e  d r o p  c a n  t h e n  be c a l c u l a t e d  from t h e  known camera m a g n i f i -  
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c a t i o n ,  t h e  known p e r i o d  between t h e  l i g h t  p u l s e s ,  and t h e  

measured d i s t a n c e s  between t h e  d r o p l e t  images on t h e  f i l m .  

The camera t h a t  had been  deve loped  p r e v i o u s l y  t o  o b t a i n  d r o p  

s i z e s  w a s  t h o u g h t  a d e q u a t e  f o r  d r o p  v e l o c i t i e s  as w e l l ,  so t h e  

problem w a s  one  o f  o b t a i n i n g  a s u i t a b l e  l i g h t  s o u r c e  o r  s o u r c e s  

and  t h e  r e l a t e d  c o n t r o l  and  measu r ing  d e v i c e s .  

The e x i s t i n g  a p p a r a t u s  a v a i l a b l e  t o  t h e  p r o j e c t  one  y e a r  

a g o  c o u l d  most e a s i l y  a n d  m o s t  e f f e c t i v e l y  be u s e d  i f  a s i n g l e ,  

p o w e r f u l ,  l i n e  l i g h t  s o u r c e ,  c a p a b l e  of b e i n g  p u l s e d  twice w i t h  

a n  a c c u r a t e l y  c o n t r o l a b l e  p e r i o d  between t h e  p u l s e s  nf frw! 10 

microseconds  t o  s a y  1 0 0  mic roseconds  were a v a i l a b l e .  Using a 

s i n q l e  l i n e  l i g h t  s o u r c e  has t h e  a d v a n t a g e s  of p e r m i t t i n g  t h e  

u s e  o f  a concave  s p h e r i c a l  backup mir ror  f o r  more u n i f o r m  

i l l u m i n a t i o n  of t h e  sample  s p a c e  and  o f  r e q u i r i n g  o n l y  one 

c o n d e n s i n g  l e n s  a s sembly .  Because of t h i s ,  a number of a t t e m p t s  

t o  d e v i s e  such  a l i g h t  s o u r c e  were made w i t h o u t  a c c e p t a b l e  

r e s u l t s .  Next t h e  f e a s i b i l i t y  o f  u s i n g  two s e p a r a t e  l i g h t  

s o u r c e s  t o  ac t  as a s i n g l e  s o u r c e  by s u p e r i m p o s i n g  them w i t h  

v a r i o u s  k i n d s  of beam s p l i t t e r s  was i n v e s t i g a t e d .  Because 

t h e s e  methods would t h r o w  away a t  l eas t  50% of t h e  a v a i l a b l e  

l i g h t ,  and  b e c a u s e  t h e  materials n e c e s s a r y  t o  e x e c u t e  t hese  

ideas were n o t  r e a d i l y  a v a i l a b l e ,  it was d e c i d e d  t o  modify t h e  

e x i s t i n g  a p p a r a t u s  t o  u s e  two s e p a r a t e  l i g h t  s o u r c e s .  T h i s  

a p p r o a c h  was m o d e r a t e l y  s u c c e s s f u l .  The d e t a i l s  of t h e  a p p a r a t u s  

as w e l l  as some o t h e r  less  s u c c e s s f u l  methods are d i s c u s s e d  i n  

Appendix A. 
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A schematic of p a r t  of t h e  a p p a r a t u s  f i n a l l y  d e v e l o p e d  

for t a k i n g  d r o p  s i z e  a n d  v e l o c i t y  d a t a  i s  shown i n  F i g .  1. 

T h i s  f i g u r e  does no t  show t h e  control and mnnitoring gear, 

The c a p a b i l i t y  o f  a second  t i m e d  l i g h t  p u l s e  w a s  o b t a i n e d  by 

r e p l a c i n g  a concave  m i r r o r  t h a t  had  been  on t h e  l e f t  ( d i r e c t i o n s  

w i l l  a l w a y s  be s p e c i f i e d  f o r  a n  o b s e r v e r  l o o k i n g  from b e h i n d  

t h e  camera) i n  t h e  s i n g l e  f l a s h  a p p a r a t u s  by a l i g h t  s o u r c e  

and  c o n d e n s i n g  l e n s  a s sembly  s imilar  t o  t h a t  on t h e  r i g h t ,  and  

p r o v i d i n g  t h e  n e c e s s a r y  t i m i n g  and  t r i g g e r i n g  f u n c t i o n s .  The 

v a r i o u s  e l e m e n t s  of t h e  a p p a r a t u s  are d e s c r i b e d  i n  Appendix A. 

R e f e r r i n g  t o  F i g .  1 t h e  a p p a r a t u s  i s  a d j u s t e d  as f o i i o w s .  

The l i g h t  s o u r c e s  and c o n d e n s i n g  l e n s e s  on b o t h  s ides  are 

p o s i t i o n e d  so  t h a t  t h e y  c a n  i l l u m i n a t e  t h e  f i e l d  o f  view of 

t h e  camera. T h i s  i s  a r e g i o n  0 . 1 6  i n .  h i g h  by 0 . 2 0  i n  wide by 

2 0 0  m i c r o n s  t h i c k  and w i l l  be c a l l e d  t h e  sample  s p a c e  and  t h e  

camera o b j e c t  s p a c e .  Then t h e  n o z z l e  i s  p o s i t i o n e d  so t h a t  

t h e  p a t h s  of mot ion  of t h e  d r o p s  i n  t h e  r e g i o n  of t h e  s p r a y  

b e i n g  s t u d i e d  l i e  i n  t h i s  s ample  s p a c e .  The s p r a y  i s  d i r e c t e d  

i n t o  a d u c t  and drawn o u t  by an  e x h a u s t  f a n .  The room i n  which 

t h e  e x p e r i m e n t  i s  car r ied  o u t  i s  d a r k e n e d  s i n c e  t h e  camera h a s  

no  s h u t t e r ,  and  t h i s  p r e v e n t s  f o g g i n g  of t h e  f i l m  be tween 

e x p o s u r e s .  P i c t u r e s  a re t aken  w i t h  t h e  d e l a y  be tween t h e  t w o  

l i g h t  p u l s e s  a d j u s t e d  t o  s u i t  t h e  s p r a y  o p e r a t i n g  c o n d i t i o n s .  

Enough t i m e d  d o u b l e  e x p o s u r e s  are t a k e n  on e a c h  p i e c e  o f  f i l m  

t o  g i v e  a r e a s o n a b l e  number o f  i m a g e s ,  i . e . ,  enough n o t  t o  be  

w a s t e f u l  b u t  few enough so t h a t  d a t a  r e c o v e r y  w i l l  n o t  be 
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Enough p i e c e s  of c o n f u s e d  by crowding  o r  o v e r l a p p i n g  images .  

f i l m  a r e  u s e d  a t  each s p r a y  p o s i t i o n  and c o n d i t i o n  t o  q i v e  

p r e a t e r  t h a n  r n e  minimum number of images  t h a t  are r e q u i r e d  

f o r  a n a l y s i s .  B e c a u s e ~ e  sample s p a c e  i s  so  small ,  t h e  n o z z l e  

m u s t  be  r e p o s i t i o n e d  many times f o r  e a c h  s e c t i o n  t h r o u g h  t h e  

s p r a y  t h a t  i s  be inE i n v e s t i g a t e d .  

The p u r p o s e  of p r e s e n t i n g  t h e  d r o p  p h o t o g r a p h s  i n  F i g s .  2 

and 3 i s  t o  i l l u s t r a t e  t h e  k i n d  of v e l o c i t y  d a t a  t h a t  c a n  be  

t a k e n  w i t h  t h e  f l u o r e s c e n t  t e c h n i q u e  a t  i t s  p r e s e n t  l e v e l  of 

deve lopmen t .  The p h o t o g r a p h s  are  of a n  e t h y l  a l c o h o l  s p r a y ,  

c o n t a i n i n g  5 grams p e r  l i t e r  of F l u o r e s c e i n  water s o l u t l e  Uran in  

d y e ,  formed by Monarch F-80 s w i r l  t y p e  n o z z l e .  These  p h o t o g r a p h s  

a re  c o n t a c t  p r i n t s  made from t h e  a c t u a l  n e g a t i v e s  p roduced  by 

t h e  camera, b u t  a re  c u t  down f o r  more compact p r e s e n t a t i o n .  

Two flaws t h a t  c a n  be n o t i c e d  from t h e  p h o t o g r a p h s  are 

t h a t  one  s i d e  of e a c h  d r o p  i s  b r i g h t e r  t h a n  t h e  o t h e r  and  

t h a t  i n  some cases, t h e r e  a p p e a r s  t o  be some mot ion  b l u r .  The 

b r i q h t  s i d e  of  t h e  image ar ises  from t h e  f ac t  t h a t  i n  t h e  

p r e s e n t  s e t u p ,  t h e  d r o p s  are i l l u m i n a t e d  from o n l y  one  s i d e  

a t  a t i m e .  T h i s  c o u l d  be c o r r e c t e d  i f  a concave  m i r r o r  c o u l d  

be  i n c o r p o r a t e d  o p p o s i t e  e a c h  l i g h t  s o u r c e  t o  f o c u s  t h e  d i -  

v e r g i n g  l i g h t  s h e e t  back o n t o  t h e  sample  s p a c e .  T h i s  c o u l d  

most e a s i l y  be  done i f  a s i n g l e  l i n e  l i g h t  s o u r c e  c o u l d  be used  

f o r  b o t h  l i g h t  p u l s e s .  The mot ion  b l u r  a r i ses  from t h e  f i n i t e  

d u r a t i o n  of t h e  l i g h t  p u l s e s  ( a b o u t  2 m i c r o s e c o n d s ) .  F o r  a 

1 0  meter p e r  s e c o n d  d r o p l e t  v e l o c i t y ,  a 2 microsecond  l i g h t  
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p u l s e  d u r a t i o n  p r o d u c e s  a mot ion  b l u r  of 0 . 5  mm on t h e  f i l m .  

When t h e  image on  t h e  f i l m  is m a g n i f i e d  4 or 5 t imes ,  however ,  

it becomes d i f f i c u l t  t o  d e c i d e  where t h e  l e a d i n g  e d g e s  o f  t h e  

d r o p s  are and measurements  of h i g h  p r e c i s i o n  c a n n o t  be  made. 

T h i s  f a u l t  c a n  o n l y . b e  c o r r e c t e d  i f  s u f f i c i e n t l y  p o w e r f u l  

l i g h t  s o u r c e s  of e x t r e m e l y  s h o r t  d u r a t i o n  and  whose o u t p u t  

w a v e l e n g t h s  e f f i c i e n t l y  e x c i t e  t h e  f l u o r e s c e n t  d y e  c a n  be 

o b t a i n e d .  

The p i c t u r e s  shown i n  Fig.  2 were a l l  t a k e n  w i t h  t h e  l e f t  

e d g e  of t h e  f i l m  a l o n g  t h e  s p r a y  a x i s  w i t h  a p r e s s u r e  d r o p  across 

t h e  n o z z l e  of 4 0  p s i ,  and a d e l a y  of 1 0  m i c r o s e c o n d s  between 

l i g h t  p u l s e s .  The  d i s t a n c e  o f  t h e  sample  s p a c e  downstream of 

t h e  n o z z l e  t i p  and  t h e  number of t i m e d  d e l a y  d o u b l e  e x p o s u r e s  

r e p r e s e n t e d  are g i v e n  i n  t h e  h e a d i n g  below e a c h  p i c t u r e .  

Some o b s e r v a t i o n s  t h a t  c a n  be made from t h e  p h o t o g r a p h s  

of F i g .  2 are:  

1. Close t o  t h e  n o z z l e  ( F i g .  2a) t h e r e  i s  a l i t t l e  b r e a k -  

up i n t o  d r o p l e t s  b u t  t h e  m a j o r i t y  of t h e  l i q u i d  i s  f l o w i n g  as 

a s h e e t  o r  f i l m .  

2 .  F a r t h e r  f rom the  n o z z l e  ( F i g .  2b)  b reakup  of t h e  

l i q u i d  i n t o  d r o p l e t s  i s  n e a r l y  comple t ed  b u t  many of t h e  d rop-  

l e t s  are i r r e g u l a r l y  shaped .  

3 .  S t i l l  f a r t h e r  from t h e  n o z z l e  ( F i g .  2c and  F i g .  2d)  

t h e  d r o p l e t s  a l l  have  c i r c u l a r  p r o f i l e s .  



. .  . . .  
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4 .  The s e p a r a t i o n  between image p a i r s  d e c r e a s e s  g o i n g  

downstream i n d i c a t i n g  t h a t  t h e  d r o p l e t s  a re  s l o w i n g  down to -  

ward t h e  a i r  v e l o c i t y .  

5 .  The a v e r a g e  d r o p l e t  d i a m e t e r  a p p e a r s  t o  be a b o u t  t h e  

same i n  F i g .  2c and F i g .  2d which s h o u l d  b e  t r u e  i n  a s t e a d y  

f l o w  case w i t h  n e g l i g i b l e  v a p o r i z a t i o n  and no  b reakup  between 

s e c t i o n s .  

The p h o t o g r a p h s  p r e s e n t e d  as F ig .  3 were a l l  t a k e n  w i t h  

t h e  l e f t  edge  of t h e  sample  s p a c e  a l o n g  the s p r a y  a x i s  and 

w i t h  i t s  lower  edge 2.30 i n c h e s  from t h e  n o z z l e  t i p .  F ive  

d o u b l e  e x p o s u r e s  w i t h  a d e l a y  of 1 5  m i c r o s e c o n d s  between t h e  

l i g h t  p u l s e s  are  r e p r e s e n t e d  on e a c h  f i l m .  P r e s s u r e  d r o p s  

across  t h e  n o z z l e  of 2 0 ,  4 0 ,  6 0 ,  and 8 0  p s i  are r e p r e s e n t e d  as 

marked unde r  e a c h  pho tograph .  

The most n o t i c a b l e  t h i n g  a b o u t  t h e s e  p i c t u r e s  i s  t h a t  t h e  

a v e r a g e  d r o p  d i a m e t e r  d e c r e a s e s  w i t h  increased i n j e c t i o n  p r e s -  

s u r e  w h i l e  t h e  v e l o c i t y  of d r o p s  of comparable  s i z e  i n c r e a s e s  

w i t h  i n c r e a s e d  p r e s s u r e .  No a t t e m p t  i s  made h e r e  t o  r e l a t e  

t h e  o b s e r v a t i o n s  t o  e a c h  o t h e r  and  t o  t h e  o p e r a t i n g  c o n d i t i o n s .  

M r .  John  Groeneweg who i s  now atNASA L e w i s  L a b o r a t o r i e s  i s  

c u r r e n t l y  a n a l y z i n g  t h e s e  d a t a  as p a r t  of h i s  Ph.D. thesis. 
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"1. Heat T r a n s f e r  w i t h  P r e s s u r e  P u l s a t i o n s  i n  a Non-Flow Sys tem - __ 

( 3 .  Wendland) 

The p u r p o s e  of  t h e  p r o j e c t  i s  t o  s t u d y  u n s t e a d y  h e a t  t r a n s -  

f e r  t o  a m e t a l  s u r f a c e  from a g a s  u n d e r g o i n g  i n t e r m e d i a t e  f r e -  

quency p r e s s u r e  and  t e m p e r a t u r e  o s c i l l a t i o n s  i n  a non-f low s y s -  

t e m .  The p e r i o d i c  p r e s s u r e  and t e m p e r a t u r e  p u l s a t i o n s  a r e  

g e n e r a t e d  by a h i g h  speed  c h a i n  saw c r a n k c a s e ,  p i s t o n ,  and c y -  

l i n d e r .  T h e  t e c h n i q u e  i s  t o  measure i n s t a n t a n e o u s  p r e s s u r e ,  

head  g a s - s i d e  s u r f a c e  t e m p e r a t u r e ,  and t h e  g a s  t e m p e r a t u r e  a t  

s e v e r a l  l o c a t i o n s  i n  t h e  g a s  near t h e  head s u r f a c e .  Wall h e a t  

t r a n s f e r  i s  c a l c u l a t e d  from t h e  wall t e m p e r a t u r e  h i s t o r y  w i t h  

t h e  a i d  of i n f i n i t e  p l a t e  t h e o r y .  P r e s s u r e  i s  i n d i c a t e d  by a 

Li -Draper  t r a n s d u c e r ;  s u r f a c e  t e m p e r a t u r e  i s  measured by a 

s u r f a c e  the rmocoup le  w i t h  . 0 0 0 0 4  i n .  j u n c t i o n  t h i c k n e s s ;  g a s  

t e m p e r a t u r e  i s  mon i to red  w i t h  r e s i s t a n c e  the rmomete r s  o f  v e r y  

small  t i m e  c o n s t a n t .  

The c r a n k c a s e ,  p i s t o n ,  a n d  c y l i n d e r  o r i g i n a l l y  used  i n  t h i s  

i n v e s t i g a t i o n  p roved  t o  be  i n a d e q u a t e  for a number o f  r e a s o n s .  

P r i n c i p a l  d i f f i c u l t i e s  were e x p e r i e n c e d  w i t h  d e t e r i o r a t i o n  o f  

t h e  g a s  t e m p e r a t u r e  measu r ing  i n s t r u m e n t a t i o n ;  t h e s e  r e s i s t a n c e  

wires  are c o n s t r u c t e d  o f  . 0 0 0 1  i n c h  p l a t i n u m  and p l a t i n u m  - 1 0 %  

Rhodium wires ,  and  t h e  p r e s e n c e  of o i l  d r o p l e t s  p a s s e d  by t h e  

p i s t o n  r i n g s ,  c o u p l e d  w i t h  t h e  t u r b u l e n c e  and v i b r a t i o n  l e v e l s  

o f  t h e  s y s t e m ,  l i m i t e d  t h e  e f f e c t i v e  i n s t r u m e n t  l i f e  t o  less  

t h a n  a minu te .  
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A s m a l l ,  h igh - speed  c r a n k c a s e  r e q u i r i n g  no  c r a n k c a s e  o i l  sup-  

p l y  was i n s t a l l e d  a n d  f i t t e d  w i t h  t e f l o n - b a s e d  p i s t o n  r i n g s  t o  do 

away w i t h  c y l i n d e r - w a l l  l u b r i c a t i o n .  D i f f i c u l t y  h a s  been  e x p e r i -  

enced  w i t h  p i s t o n  s c u f f i n g  l i m i t i n g  r i n g  l i f e  t o  30 m i n u t e s  or s o ,  

b u t  i t  i s  a n t i c i p a t e d  t h i s  time can be  i n c r e a s e d  or t o l e ra t ed  i f  

n e c e s s a r y .  R e s i s t a n c e  wires have  r ema ined  i n t a c t  f o r  a t  l e a s t  

2 0  m i n u t e s .  The mean c y l i n d e r  p r e s s u r e  l e v e l  i s  c o n t r o l l e d  by a 

p r e s s u r i z e d  s y s t e m  c o n n e c t e d  t o  a s e t  of h o l e s  i n  t h e  c y l i n d e r  

w a l l  n e a r  t h e  bot tom dead c e n t e r  of  p i s t o n  t r a v e l .  

C a l i b r a t i o n  of t h e  t e m p e r a t u r e  and  p r e s s u r e  s i g n a l s  i s  e f -  

fec ted  w i t h  a combina t ion  o f  s i m p l e  c i r c u i t r y  and  a n  a s sembly  o f  

e i g h t  a d j u s t a b l e  cam-breaker p o i n t  sets which w a s  c o n s t r u c t e d  and  

i n s t a l l e d .  

The b r i d g e s  used  i n  c o n j u n c t i o n  w i t h  t h e  r e s i s t a n c e  w i r e s  

were c o n s t r u c t e d  and  c a l i b r a t e d ,  p r o d u c i n g  . 0 7 2  mv/OF when u s e d  

w i t h  P t  - 1 0 %  Rh wires. F i v e  t r a n s i s t o r i z e d  a m p l i f i e r s  were ob- 

t a i n e d ,  ca l ibra ted  f o r  phase  s h i f t i n g ,  and  mounted; t h e y  are 

A s t r o d a t a  model 885 wideband d i f f e r e n t i a l  DC a m p l i f i e r s ,  w i t h  

v a r i a b l e  g a i n  t o  3000. 

F i g .  4 shows a p r e s s u r e - t i m e  t race.  R e l e v a n t  d a t a  are: 

f r e q u e n c y :  1 5 . 4  c p s  (920 rpm) 
max p r e s s u r e  r a t i o :  - 

'min 
18 .4  ( 8 . 2 5  comp. r a t i o ,  

'max 

P 

= 2 6 3  p s i ,  Pmin=14.3 p s i )  

computed b u l k  temp. r a t i o :  

Tmax 
Tmin 
- = 7 7 0  OF max 

= 9 2  OF) 

2.23 ( T  

Tmin 



L + O [  

- 7 4  
VI 
P 

w 
l% 
3 cn 
cn 
i4 
X a 

, 

101 

I - 
277 n ll 

ll 3 T  t- 
EDC 2 0 

TDC 
n - -  
2 

F i e .  4 - P r e s s u r e  a n d  Tempera tu re  as a Function of P i s t o n  Position 



measured p r e s s u r e  peak 
o c c u r s  a t  a b o u t  1' BTC 

computed b u l k  t e m p e r a t u r e  
peak occurs a t  a b o u t  3' BTC 

p res su re -vo lume  r e l a t i o n s h i p  
v e r y  c lose t o  p o l y t r o p i c  a t  
a non-measurable  i n d e x  

The p r i n c i p a l  i n s t r u m e n t a t i o n  e f f o r t  was and i s  b e i n g  

a p p l i e d  t o  t h e  g a s  t e m p e r a t u r e  measu r ing  r e s i s t a n c e  w i r e s  w i t h  

a t i m e  c o n s t a n t  n e a r  . 2  m i l l i s e c .  The wires  a re  t y p i c a l l y  of 

P t  - 1 0 %  Rh, . 0 0 0 1  i n c h  d i a m e t e r ,  1 / 4 "  t o  1 / 2 "  l o n g ,  and  

mounted t o  c o n s t a n t a n  l e a d s  w i t h  c o n d u c t i v e  s i l v e r  epoxy.  

They a re  e t c h e d  t o  t h i s  s i z e  i n  a n i t r i c  a c i d  s o l u t i o n .  Aside 

from t h e  m e c h a n i c a l  s t r e n g t h  d i f f i c u l t i e s ,  a c e r t a i n  amount 

of e l e c t r i c a l  i n s t a b i l i t y  were n o t e d  and  a s c r i b e d  t o  f l u c t u a t i o n s  

i n  t h e  c o n t a c t  r e s i s t a n c e  i n  t h e  s i l v e r  epoxy be tween t h e  wires 

and  leads.  Copper l e a d s  were t r i e d  w i t h  no  improvenen t .  

A p p a r e n t l y ,  t h e  epoxy a g e s  upon b e i n g  exposed  t o  compress ion  

t e m p e r a t u r e s ,  and  t h e  c o n t a c t  r e s i s t a n c e ,  o f t e n  s e v e r a l  times 

t h e  a c t u a l  w i r e  r e s i s t a n c e  w i t h  which i t  i s  i n  s e r i e s ,  c h a n g e s  

and  t h r o w s  t h e  b r i d g e  i n t o  u n p r e d i c t a b l e  imba lance .  U n s u c c e s s f u l  

a t t e m p t s  were made t o  "heat soak" t h e  i n s t r u m e n t  t o  s t a b i l i z e  

i t .  Cold s o l d e r i n g  w a s  t r i e d  as a r e p l a c e m e n t  mount ing  t e c h -  

n i q u e ,  b u t  t h e  i n t e r a c t i o n  of s o l d e r i n g  f l u x  and  n i t r i c  ac id  

i n  t h e  e t c h i n g  p r o c e s s  which  o c c u r s  a f t e r  mount ing  r e p e a t e d l y  

d e s t r o y e d  t h e  wires.  S i l v e r  s o l d e r i n g  i s  v e r y  d i f f i c u l t  due  

t o  t h e  p r e s e n c e  o f  a 4 0 0 0  O F  flame n e a r  t h e  f r a g i l e  wires,  b u t  

it i s  b e i n g  a t t e m p t e d .  
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Anothe r  t a c k  t o  t h e  problem of m e a s u r i n g  g a s  t e m p e r a t u r e  

i s  t o  u s e  r e l a t i v e l y l a r g e  ( . 0 0 0 4  i n c h )  q u a r t z  f i b e r s  w i t h  a 

baked-on p l a t i n u m  s h e l l  as t h e  measu r ing  i n s t r u m e n t .  A t i m e  

c o n s t a n t  less  t h a n  1 0  mic roseconds  i s  a n t i c i p a t e d .  The f i b e r s  

have a s t a r c h - o i l  ( o r g a n i c )  c o a t i n g  a p p l i e d  i n  t h e  e a r l y  s t a g e s  

of m a n u f a c t u r e ;  t h i s  c o a t i n g  must b e  removed p r i o r  t o  t h e  

p l a t i n u m  d e p o s i t i o n  by h e a t i n g  t o  5 0 0  OF. The p l a t i n u m  i s  

a p p l i e d  i n  t h e  form of a n  o r g a n i c  Au - P t  m i x t u r e  which bakes  

t o  a . O i l 0 0 0 5  i n c h  p l a t i n u m  c o a t i n g  a t  1 0 2 2  OF. Mounting of t h e  

q u a r t z  f i b e r s  i s  b e i n g  t r i e d  by s i l v e r  s o l d e r i n g  w i t h  a min i -  

a t u r e  butane-oxygen t o r c h .  
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B - 2 .  The Ef fec t  on Heat T r a n s f e r  of Large  Ampl i tude  P r e s s u r e  

O s c i l l a t i o n s  i n  a Flowing F l u i d  
( R .  Goluba)  

I n  t h e  p a s t  s i x  months,  much of  t h e  e f f o r t  h a s  been  d i r -  

e c t e d  a t  p r e l i m i n a r y  d e s i g n  o f  t h e  a p p a r a t u s  a n d  t h e  a c q u i s i -  

t i o n  o f  t h e  a s s o c i a t e d  equipment .  A s c h e m a t i c  d i a g r a m  o f  t h e  

r e s e a r c h  a p p a r a t u s  i s  shown i n  F ig .  5 .  Large  a m p l i t u d e  p r e s s u r e  

o s c i l l a t i o n s  are produced  i n  a p i p e  ( s t a t i o n  G t o  s t a t i o n  E) 

p e r i o d i c a l l y i n t e r r u p t i n g  t h e  f low by u s e  of a r o t a t i n g  s i r e n  

d i s k  l o c a t e d  u p s t r e a m  from t h e  tes t  s e c t i o n .  A i r  i s  s u p p l i e d  

from t e n  h i g h - p r e s s u r e  ( 2 2 0 0  p s i a )  a i r  c y l i n d e r s .  A c o n s t a n t  

mass f l o w  r a t e  d u r i n g  a r u n  c a n  be m a i n t a i n e d  by t h e  u s e  o f  

an  a u t o m a t i c  c o n t r o l  v a l v e  l o c a t e d  a t  t h e  o u t l e t  of t h e  bank 

o f  a i r  c y l i n d e r s .  A h i g h  p r e s s u r e  a i r  compresso r  w i l l  t h e n  be  

used  t o  r e f i l l  t h e  a i r  c y l i n d e r s  a f t e r  e a c h  r u n .  

by 

A compute r  program w a s  a v a i l a b l e  t o  d e t e r m i n e  t h e  magni- 

t u d e  o f  t h e  p r e s s u r e  o s c i l l a t i o n s i n  t he  p i p e  as w e l l  as t h e  

s h a p e  of t h e  p r e s s u r e  o s c i l l a t i o n s  t h a t  c o u l d  b e  o b t a i n e d  from 

t h i s  a p p a r a t u s .  

f o r  s t e a d y  s t a t e  c o n d i t i o n s  t o  be a c h i e v e d  i n  t h e  t u b e  s i n c e  

t h i s  would have  r e s u l t e d  i n  t h e  u s e  o f  a n  e x c e s s i v e  amount of 

The computer  program was n o t  r u n  l o n g  enough 

compute r  t ime.  The computer  time r e q u i r e d  i s  l a r g e  b e c a u s e  

t h e  h i g h  f r e q u e n c y  of t h e  o s c i l l a t i o n s  ( 5 0 0  c p s )  r e q u i r e s  t h a t  

small t i m e  i n c r e m e n t s  be used  i n  t h e  program. T y p i c a l  p r o f i l e s  

of t h e  p r e s s u r e  waves o b t a i n e d  from t h e  computer  program are  

shown i n  F i g s .  6 and  7 .  The p r e s s u r e  wave a t  t h e  m i d p o i n t  of 
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t h e  p i p e  ( F i g .  6 )  i s  q u i t e  similar t o  t h e  shock- type  p r e s s u r e  

waves p roduced  i n  a r o c k e t  chamber e x p e r i e n c i n g  u n s t a b l e  com- 

b u s t i o n  -- a s t e e p  r i s e  i n  nressuro,  r fsllowed by a g m d u a i  de- 

crease.  A s  e x p e c t e d ,  t h i s  was t h e  same t y p e  of p r e s s u r e  wave 

which has  been  o b t a i n e d  i n  a s imilar  a p p a r a t u s  a t  P r i n c e t o n  

U n i v e r s i t y .  A t  t h e  o u t l e t  of t h e  p i p e  t h e  magni tude  of t h e  

p r e s s u r e  o s c i l l a t i o n  as w e l l  as t h e  s t e e p n e s s  of t h e  p r e s s u r e  

f r o n t  i s  d e c r e a s e d  s i n c e  t h e  p r e s e n c e  o f  t h e  o u t l e t  t e n d s  t o  

dampen t h e  o s c i l l a t i o n s  somewhat. 

An e n l a r g e m e n t  of t h e  t e s t  s e c t i o n  i s  g i v e n  i n  F i g .  8. The 

e f f e c t  of t h e  p r e s s u r e  o s c i l l a t i o n s  on t h e  heat  t r a n s f e r  t o  a 

f l a t  p l a t e  normal  t o  t h e  f low i s  t o  b e  i n v e s t i g a t e d .  The g a s  

t e m p e r a t u r e ,  TG3 ,  w i l l  o s c i l l a t e  i n  a manner s imi la r  t o  t h e  

p r e s s u r e  due t o  t h e  compress ion  of t h e  g a s .  T h i s  g a s  temper-  

a t u r e  f l u c t u a t i o n  c a u s e s  t h e  s u r f a c e  t e m p e r a t u r e ,  Tw, of t h e  

f l a t  p l a t e  t o  f l u c t u a t e  a b o u t  some mean v a l u e .  

To b e t t e r  u n d e r s t a n d  t h e  mechanism by which t h e  heat  t r a n s -  

f e r  i s  i n c r e a s e d  by t h e  p r e s e n c e  of p r e s s u r e  o s c i l l a t i o n s ,  it i s  

d e s i r a b l e  t o  d e t e r m i n e  t h e  i n s t a n t a n e o u s  v a r i a t i o n  of t h e  s u r -  

face t e m p e r a t u r e  and  t h e  h e a t  f l u x .  However, t h i s  is a r a the r  

f o r m i d a b l e  t a s k  due t o  t h e  magni tude  o f  t h e  s u r f a c e  t e m p e r a t u r e  

f l u c t u a t i o n s .  An o r d e r  o f  magni tude  es t imate  o f  t h e  s u r f a c e  

t e m p e r a t u r e  f l u c t u a t i o n  can  be o b t a i n e d  by u t i l i z i n g  t h e  so l -  

u t i o n  g i v e n  by Carsiaw a n a  J a e g e r  i n  Conduct ion  o f  Heat i n  

S o l i d s ,  page  7 4 ,  f o r  t h e  case o f  a c o n s t a n t  h e a t  t r a n s f e r  co- 

e f f i c i e n t  a n d  a s i n u s o i d a l  gas  t e m p e r a t u r e  v a r i a t i o n .  I t  s h o u l d  
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Average Pressure Approx, 2 0 0  p s i a  
Length of P i p e  = 7 f e e t  
Frequency  = 5 0 0  c p s  

F i g .  6 - T y p i c a l  Computed P r e s s u r e  Wave at Midpo in t  of P i p e  



Average P r e s s u r e  Approx.  2 0 0  p s i a  
Length o f  P i p e  = 7 f e e t  
Frequency  = 5 0 0  c p s  
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Fig. 7 - Typical Computed P r e s s u r e  Wave a t  O u t l e t  of P i p e  

b . I_ . 
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b e  emphas ized  t h a t  t h i s  i s  o n l y  an  es t imate  s i n c e  t h e  h e a t  

t r a n s f e r  c o e f f i c i e n t  p r o b a b l y  v a r i e s  w i t h  t i m e  a n d ,  i n  f a c t ,  

one i s  nnt sl-lre if t h e  csncep t  c;f a h e a t  t r a n s f e r  c o e f f i c i e n t  

s h o u l d  be used  i n  t h e  case unde r  i n v e s t i g a t i o n .  

a t i o n  i n  g a s  t e m p e r a t u r e  o f  3 0  O F  a t  5 0 0  c p s ,  which would 

c o r r e s p o n d  t o  a 5 0  p s i  p r e s s u r e  f l u c t u a t i o n  a b o u t  a mean o f  

2 0 0  p s i a ,  t h e  a m p l i t u d e  of t h e  s u r f a c e  t e m p e r a t u r e  f l u c t u a t i o n  

i s  less  t h a n  + . 0 2 5  O F  when t h e  p l a t e  mater ia l  i s  s t e e l .  Even 

though  t h e  s u r f a c e  t e m p e r a t u r e  f l u c t u a t i o n s  are  small ,  t h e  

f l u c t u a t i o n s  i n  hea t  f l u x  a t  t h e  s u r f a c e  are  l a r g e  -- + 6 0 0 0  

B T U / h r - f t  . Although t h e  v a r i a t i o n  i n  heat f l u x  i s  l a r g e ,  

only small e n e r g y  f l u c t u a t i o n s  o c c u r  a t  t h e  r a t h e r  l a r g e  f re -  

q u e n c i e s  of  i n t e r e s t  ( 5 0 0  - 1 0 0 0  c p s ) .  O f  c o u r s e ,  t h i s  i s  

ref lected i n  t h a t  t h e  s u r f a c e  t e m p e r a t u r e  f l u c t u a t i o n ,  as w e l l  

as t h e  p e n e t r a t i o n  d e p t h  of t h e  t e m p e r a t u r e  f l u c t u a t i o n s  i n t o  

t h e  p l a t e ,  i s  s m a l l .  A t h i n  f i l m  t he rmocoup le  w i l l  be used  t o  

measure  t h e  s u r f a c e  t e m p e r a t u r e .  The  t e m p e r a t u r e  f l u c t u a t i o n s  

are so  small t h a t  it becomes n e c e s s a r y  t o  measure v o l t a g e  f l u c t -  

u a t i o n s  as small as s e v e r a l  m i c r o v o l t s .  T h i s  r e q u i r e s  an  ex-  

t r e m e l y  n o i s e  f ree  a m p l i f i e r  s o  t h a t  a u s a b l e  trace c a n  be d i s -  

p l a y e d  on a n  o s c i l l o s c o p e .  If t h e  measurement problems become 

i n s u r m o u n t a b l e ,  one  c a n  g a i n  a 2 0  f o l d  i n c r e a s e  i n  t h e  s u r f a c e  

t e m p e r a t u r e  f l u c t u a t i o n  by chang ing  t h e  s u r f a c e  mater ia l  from 

s tee i  t o  b a k e l i t e .  I n  f a c t ,  i t  i s  d e s i r a b l e  t o  i n v e s t i g a t e  tne 

h e a t  t r a n s f e r  t o  a material s u c h  as b a k e l i t e  s i n c e  t h e  p h y s i c a l  

p r o p e r t i e s  of b a k e l i t e  are similar t o  t h o s e  o f  a f u e l  s u c h  as 

For a v a r i -  

- 

- 
2 
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kerosene. Information regarding the phase relationship 

between the gas temperature and surface temperature of a 

material w i t h  properties similar- to a f u e i  wouid be helpful 

in understanding the energy exchanges which occur during un- 

stable combustion. 
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C. Vaporization in the Region of the Critical Point 

As previously reported the first six months were spent 

primarily in acquainting the students with the problem, setting 

up some computer programs, and investigating various experimental 

procedures. 

After investigation of a number of experimental procedures, 

it was decided that the first experiments should be restricted to 

studying steady-state phenomena but to maintain the basic droplet 

geometry. Apparatus is now being constructed which will use a 

droplet hanging from a probe and being continuously fed with 

fresh liquid. The droplet size will be observed optically. By I 

1 control of the liquid feed rate, it should be possible to obtain 

a non-changing droplet diameter. The liquid temperature will be 

measured by thermocouples in the drop and immediately before the 

liquid flows into the drop. The temperature of the liquid being 

added to the drop can thus be adjusted to be the same as the 

measured droplet core temperature. Under these adjusted condi- 

tions, steady-state vaporization should prevail. The measured 

quantities would be air temperature and velocity, droplet dia- 

meter, vaporization rate, and droplet core temperature. As a 

first step in designing the set-up, a suitable liquid had to be 

chosen. The desired characteristics were 

a. low critical temperature, 

b. moderate critical pressure (below 1000 psi), 

c. relatively high surface tension, 

d. well studied substance so that physical properties 

I 

could be obtained from the literature, 
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e .  l i q u i d  o f  i n t e r e s t  i n  r o c k e t  combus t ion .  

A p r e l i m h 2 r p  review of c r i t i c a l  c o n s t a n t s  y i e l d e d  s e v e r a l  

p o s s i b l e  c h o i c e s :  t h e  l o w e r h y d r o c a r b o n s ,  some F r e o n s ,  and  some 

a l c o h o l s .  A f t e r  f u r t h e r  e x a m i n a t i o n ,  it was d e c i d e d  t o  i n v e s t i -  

g a t e F r e o n - 1 3  f u r t h e r .  T h i s  compound s a t i s f i e d  t h e  f i r s t  t w o  re- 

q u i r e m e n t s .  I t ,  however ,  does  n o t  have  a l a r g e  s u r f a c e  t e n s i o n .  

I t s  thermodynamic p r o p e r t i e s  have  been  f a i r l y  w e l l  s t u d i e d ,  b u t  

l i t t l e  i s  known a b o u t  i t s  t r a n s p o r t  p r o p e r t i e s .  I t  i s  n o t  a 

p r o p e l l a n t  and  i t s  chemical s t r u c t u r e  i s  complex.  

D e s p i t e  t h e  many o b j e c t i o n s  t o  Freon-13,  i t  was c h o s e n  be- 

c a u s e  of i t s  low c r i t i c a l  t e m p e r a t u r e ,  8 2 . 5  OF. C a l c u l a t i o n s  

were pe r fo rmed  f o r  t h e  s t e a d y  s t a t e  t e m p e r a t u r e .  F i g .  9 shows 

t h e  r e s u l t i n g  c u r v e  f o r  a p r e s s u r e  of 6 0 0  p s i a  ( 1 . 0 7  P c ) .  Upon 

a n a l y s i s  o f  t h e  r e s u l t s ,  s e v e r a l  i n t e r e s t i n g  c h a r a c t e r i s t i c s  o f  

t h e  p r o p e r t y  e q u a t i o n s  u s e d  i n  t h e s e  c a l c u l a t i o n s  were o b s e r v e d .  

The Schmidt  number which f o r  most s u b s t a n c e s  is a p p r o x i m a t e l y  

u n i t y ,  w a s  n e a r l y  e i g h t  a t  t h e  c r i t i c a l  p o i n t .  The r a t i o  o f  

t h e  t h e r m a l  N u s s e l t  number t o  t h e  mass N u s s e l t  number was ca l -  

c u l a t e d  t o  be a p p r o x i m a t e l y  t w o .  Here a g a i n ,  f o r  most known 

s u b s t a n c e s  t h i s  r a t i o  i s  a p p r o x i m a t e l y  one .  S i n c e  it was un- 

c e r t a i n  w h e t h e r  t h e s e  r e s u l t s  were c a u s e d  by t h e  u n u s u a l  be- 

h a v i o r  o f  Freon-13 o r  by poor estimates of t h e  p r o p e r t i e s ,  it 

was d e c i d e d  t o  t r y  t o  check  t h e  t r a n s p o r t  p r o p e r t i e s  of Freon  

by compar ing  them w i t h  t h e  t r a n s p o r t  p r o p e r t i e s  of a b e t t e r  

known s u b s t a n c e .  T h i s  was done by t a k i n g  n-dodecane  and  cal-  

c u l a t i n g  i t s  d i f f u s i v i t y  c o e f f i c i e n t  by two d i f f e r e n t  methods .  

One of t h e  methods i n v o l v e d  u s i n g  t h e  s i m p l e  g e n e r a l  e q u a t i o n  



- -  

Fig. 9 - S t e a d y  S t a t e  T e m p e r a t u r e  f o r  Freon-13 
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F i g .  1 0  - S t e a d y  S t a t e  Tempera tu re  f o r  Freon-13 
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t h a t  was u s e d  i n  f i n d i n g  t h e  d i f f u s i v i t y  c o e f f i c i e n t  f o r  Freon-  

1 3 ,  t h e  o t h e r  method i n v o l v e d  u s i n g  t h e  Lennard-Jones  p a r a m e t e r s  

for n-dodecane.  The  l a t t e r  method i s  t h e  more a c c u r a t e  one  o f  

t h e  two. The two c o e f f i c i e n t s  were t h e n  compared and  it was 

found t h a t  t h e y  d i f f e r e d  by a fac tor  o f  n e a r l y  e i g h t ,  w i t h  t h e  

s i m p l e r  method y i e l d i n g  t h e  l a r g e r  c o e f f i c i e n t .  The n e x t  s t e p  

was t o  c a l c u l a t e  t h e  c o e f f i c i e n t  o f  d i f f u s i v i t y  f o r  Freon-13 

u s i n g  t h e  s i m p l e r  method a t  t h e  same r e d u c e d  t e m p e r a t u r e  and  re- 

duced p r e s s u r e  used  i n  t h e  n-dodecane  c a l c u l a t i o n s .  T h i s  co- 

e f f i c i e n t  was t h e n  c o r r e c t e d  by t h e  f a c t o r  o b t a i n e d  i n  t h e  n- 

dodecane  c a l c u l a t i o n s .  The l a s t  s t e p  was t o  c a l c u l a t e  t h e  

Schmidt  and  N u s s e l t  numbers w i t h  t h e  c o r r e c t e d  d i f f u s i v i t y  co- 

e f f i c i e n t .  The r e s u l t s  o b t a i n e d  by these  c a l c u l a t i o n s  y i e l d e d  

a Schmidt  number a p p r o x i m a t e l y  e q u a l  t o  one .  The r a t i o  of t h e  

N u s s e l t  numbers w a s  c a l c u l a t e d  t o  be  n e a r l y  one .  The s t e a d y  

s t a t e  t e m p e r a t u r e  was n o t  c a l c u l a t e d  a f t e r  t h e  i n t r o d u c t i o n  o f  

t h e  c o r r e c t i o n  f a c t o r  because  t h e  u s e  o f  s u c h  a fac tor  c a n  n o t  

be  j u s t i f i e d  s c i e n t i f i c a l l y .  A d d i t i o n a l  work on t h e s e  p r o p e r t y  

c a l c u l a t i o n s  i n  c o n t i n u i n g .  

Computa t ions  f o r  t h e  s t e a d y  s t a t e  t e m p e r a t u r e  of e t h a n e  

were r u n  f o r  t o t a l  p r e s s u r e s  of 1 0 0 0  p s i a  ( 1 . 4  Pc)  a n d  2 0 0 0  

p s i a  ( 2 . 8  P c ) .  

p r e s s u r e  t h e  l i q u i d  t e m p e r a t u r e  i s  o n l y  487 O R  and q u i t e  s t e a d y  

w i t h  c h a n g e s  i n  t h e  a i r  t e m p e r a t u r e .  S i n c e  t h i s  t e m p e r a t u r e  

is 6 1  O F  below t h e  c r i t i c a l  t e m p e r a t u r e ,  e t h a n e  i s  n o t  a good 

e x p e r i m e n t a l  f l u i d .  P o s s i b l y  t h e  r e a s o n  f o r  t h i s  e a r l y  f l a t t e n -  

F ig .  1 0  shows t h a t a t  1 6 0 0  O R  and  a t  t h e  h i g h e r  
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i n g  of t h e  l i q u i d  t e m p e r a t u r e  c u r v e  i s  t h e  r e l a t i v e l y  h i g h  hea t  

of v a p o r i z a t i o n  of e t h a n e .  

The most i m p o r t a n t  p a r t  of t h e  a p p a r a t u s  i s  t h e  h i g h  p r e s -  

s u r e  bomb i n  which t h e  probe i s  l o c a t e d .  

a r y  equipment  i s  t h e  a i r  hea t e r .  If Freon-13 i s  u s e d ,  a l o w  

t e m p e r a t u r e  a i r  hea te r  i s  needed .  If a h y d r o c a r b o n  i s  u s e d ,  a 

The o n l y  o t h e r  n e c e s s -  

h i g h  t e m p e r a t u r e  a i r  hea ter ,  c a p a b l e  of h e a t i n g  t h e  a i r  t o  

a b o u t  2 3 0 0  OR, i s  needed .  Inasmuch as w e  are now t h i n k i n g  o f  

u s i n g  a F reon ,  a t  least  i n  t h e  p r e l i m i n a r y  r e s e a r c h ,  it w a s  

d e c i d e d  t o  c o n c e n t r a t e  our e f f o r t s  on d e s i g n i n g  t h e  h i g h  p r e s -  

su re  bomb and p robe .  Both t h e  h i g h  p r e s s u r e  bomb and p robe  

have  been d e s i g n e d  t o  s u s t a i n  t h e  h i g h  t e m p e r a t u r e s  t h a t  w i l l  

be e n c o u n t e r e d  i n  l a t t e r  r e s e a r c h  w i t h  h y d r o c a r b o n s .  A l a y o u t  

d i ag ram o f  t h e  s e t - u p  is shown i n  F i g .  11. 

The bomb h a s  t o  be a b l e  t o  w i t h s t a n d  p r e s s u r e s  of a b o u t  

1 0 0 0  p s i a  and  t e m p e r a t u p s o f  a b o u t  2 4 0 0  O R  and o p e n i n g s  m u s t  

be  a v a i l a b l e  f o r  o b s e r v i n g  t h e  d r o p  and  f o r  i n s e r t i o n  o f  t h e  

p r o b e .  F ig .  12 shows c r o s s - s e c t i o n s  of t h e  bomb. The bomb 

i s  now b e i n g  f a b r i c a t e d  from a b l o c k  o f  f o r g e d  SS 1 2 4 .  S i n c e  

t h e  w a l l s  o f  t h e  bomb are t h i c k ,  t h e  o p t i c s  n e c e s s a r y  t o  ob- 

s e r v e  t h e  d r o p l e t  w i l l  be l o c a t e d  i n s i d e  t h e  bomb. I t  i s  

p r o p o s e d  t o  mount t h e  o p t i c s  i n  a s l e e v e  t h a t  w i l l  f i t  c l o s e l y  

i n  t h e  window b o r i n g s .  The o p t i c a l  p a t h  c a n  be made as l o n g  

as n e c e s s a r y ,  o u t s i d e  of t h e  bomb, t o  o b t a i n  t h e  d e s i r e d  mag- 

n i f i c a t i o n .  

The most d i f f i c u l t  component t o  d e s i g n  is t h e  p r o b e  and 
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r e l a t ed  equ ipmen t .  The probe  i t s e l f  must be s t l i r d y  a n d j  i n  

a d d i t i o n ,  it must p r o v i d e  for c o o l i n g ,  c o n t r o l  and m e t e r i n g  

of t h e  mass r a t e  of f l o w ,  measurement o f  t h e  i n i t i a l  t emper -  

a t u r e  of t h e  f l u i d ,  and  measurement of t h e  d r o p l e t  c o r e  t e m -  

p e r a t u r e .  The p r o b e  must also be a b l e  t o  accomodate  t h e  max- 

imum mass f l o w  r a t e  t o  be e n c o u n t e r e d  i n  t h e  e x p e r i m e n t s  

w i t h o u t  undue p r e s s u r e  l o s s .  The p r o p o s e d  d e s i g n  o f  t h e  

p r o b e ,  shown i n  F i g .  1 3 ,  c o n s i s t s  m a i n l y  of a q u a r t z  t u b e  

e n c a s e d  i n  a s t a i n l e s s  s t e e l  s h e a t h .  

A r e s e r v o i r  o u t s i d e  of t h e  bomb s u p p l i e s  c o o l a n t  which 

p a s s e s  t h r o u g h  t h e  walls of t h e  bomb and  from t h e r e  t h r o u g h  

t h e  s t a i n l e s s s t e e l  shea th .  If Freon  i s  u s e d ,  water w i l l  be  

a n  a d e q u a t e  c o o l a n t .  

The mass r a t e  o f  f low n e c e s s a r y  t o  k e e p  t h e  d r o p l e t  s i z e  

c o n s t a n t  was c a l c u l a t e d  t o  be  3 . 1 2  x 10-' l b m / h r  a t  a l i q u i d  

t e m p e r a t u r e  of 534 OH. A c u r v e  of t h i s  mass flow ra te  v e r s u s  

l i q u i d  t e m p e r a t u r e  i s  shown i n  F i g .  1 4 .  T h i s  mass r a t e  of 

flow i s  q u i t e  small. 

t h i s  v a l u e  i s  l i m i t e d  by t h e  a c c u r a c y  of t h e  p r o p e r t y  e q u a t i o n s  

as a l r e a d y  d i s c u s s e d  above.  

i t  i s  p r o p o s e d  t o  measure  t h e  p r e s s u r e  d r o p  t h r o u g h  a c o o l e d  

c a p i l l a r y .  

t h e  p r o b e  i s  s t r a i g h t ;  t h i s  i s  f o r  t h e  s a k e  of c l a r i t y .  The 

mass r a t e  of f l o w  w i l l  be  c o n t r o l l e d  by a n e e d l e  v a l v e .  The 

t w o  t h e r m o c o u p l e s  shown i n  t h e  d i a g r a m  measure  t h e  d r o p l e t  

core  t e m p e r a t u r e  and i n i t i a l  l i q u i d  t e m p e r a t u r e .  

I t  must be n o t e d  t h a t  t h e  a c c u r a c y  of 

To measu re  t h i s  small flow r a t e ,  

N o t i c e  t h a t  t h e  c a p i l l a r y  shown i n  t h e  d i a g r a m  o f  
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APPENDIX A 

Detai ls  of t h e  A p p a r a t u s  for Measur ing  

Drop S i z e s  and V e l o c i t y  D i s t r i b u t i o n s  i n  S p r a y s  

High Vo l t age  Power Supply and  C a p a c i t o r s  

F ig .  1 i s  a s c h e m a t i c  of t h e  h i g h  v o l t a g e  power s u p p l y .  

I t  i s  a d j u s t a b l e  i n  two r a n g e s ,  0 - 25 kv and  0 - 5 0  kv.  I t  

c h a r g e s  t h e  two l i g h t  s o u r c e  c a p a c i t o r s  t o  35 kv i n  a b o u t  4 0  

s e c o n d s  so  t h a t  one t imed d o u b l e  e x p o s u r e  c a n  be  o b t a i n e d  for 

each 45  second of r u n n i n g  t i m e  when e v e r y t h i n g  i s  o p e r a t i n g  

p r o p e r l y .  

The h i g h  v o l t a g e  e n e r g y - s t o r a g e  c a p a c i t o r s  are  n o t  i d e n -  

t i c a l  b u t  b o t h  are l o w  i n d u c t a n c e  t y p e s .  

t h e  r i g h t  i s  a C o r n e l l - D u b i l i e r  NRG-341 h a v i n g  a peak o p e r -  

a t i n g  v o l t a g e  of 4 0  k v ,  a c a p a c i t a n c e  of 0 . 1  mfd,  and  an  

i n d u c t a n c e  of 0 . 0 1 0  m i c r o - h e n r i e s .  The c a p a c i t o r  on t h e  

l e f t  i s  a u n i t  w i t h  similar r a t i n g s  t h a t  was made t o  o r d e r  by 

t h e  Line  Material Co. of Milwaukee, Wiscons in .  

The c a p a c i t o r  on 

L i g h t  S o u r c e  C o n t r o l  S w i t c h s  and  T r i g g e r  G e n e r a t o r s  

The f i r s t  l i g h t  source c o n t r o l  switches t h a t  were t r i e d  were 

t h r e e  e l e c t r o d e  s p a r k  gap s w i t c h e s  i n  a i r  a t  a t m o s p h e r i c  p r e s s u r e .  

These  p roved  u n s u i t a b l e  f o r  G o n t r o l l i n g  a c c u r a t e l y  t imed  d i s c h a r g e s  

a t  t h e  v o l t a g e s  w e  were i n t e r e s t e d  i n  f o r  two main r e a s o n s :  c o r o n a  

d i s c h a r g e s  i n  t h e  main gap made t r i g g e r i n g  u n p r e d i c t a b l e  and s e n -  

s i t i v e  t o  a t m o s p h e r i c  c o n d i t i o n s ;  t h e  l a r g e  gap  between t h e  main 

e l e c t r o d e s  t h a t  was n e c e s s a r y  b e c a u s e  of t h e  h i g h  v o l t a g e s  c a u s e d a n  

u n p r e d i c t a b l e  d e l a y  between a p p l i c a t i o n  of t h e  t r i g g e r s p u l s e  and  t h e  
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a c t u a l  f i r i n g  of  t h e  s w i t c h .  A n o t h e r  s h o r t c o m i n g  o f  t hese  

v y L r r  fine- a i r  s w i t c h e s  vas t h a t  a d j u s t i n g  them for a n = r r + i c l l l a v  =...e ..------ 

o p e r a t i n g  v o l t a g e  r e q u i r e d  r e s p a c i n g  t h e  e l e c t r o d e s  u n t i l  

c o r r e c t  o p e r a t i o n  was a c h i e v e d .  T h i s  was t i m e  consuming and  

t h e  s e t t i n g  f o r  a g i v e n  v o l t a g e  c o u l d  change  from day  t o  day  

b e c a u s e  of c h a n g i n g  a t m o s p h e r i c  c o n d i t i o n s .  

I n  o r d e r  t o  overcome t h e  s h o r t c o m i n g s  t h a t  are men t ioned  

above ,  a p a i r  of p r e s s u r i z e d  th ree  e l e c t r o d e  s p a r k  g a p  switches 

were b u i l t .  These  have  many a d v a n t a g e s  o v e r  t h e  open a i r  s p a r k  

gap  s w i t c h e s  i n c l u d i n g  q u i c k  and  e a s y  a d j u s t m e n t .  By o p e r a t i n g  

a t  h i g h e r  t h a n  a t m o s p h e r i c  p r e s s u r e ,  closer electrode s p a c i n g  

i s  p o s s i b l e .  T h i s  p e r m i t s  a more s u i t a b l e  r a t i o  of t r i g g e r  

gap  l e n g t h  t o  main gap  l e n g t h  which  l e a d s  t o  a v e r y  much s h o r t e r  

and  more p r e d i c t a b l e  d e l a y  between t h e  a p p l i c a t i o n  o f  t h e  t r i g g e r  

Du l se  and t h e  breakdown of t h e  s w i t c h .  Assuming main e l e c t r o d e s  

of s p h e r i c a l  p r o f i l e ,  t h e  c r i t i ca l  f a c t o r s  i n  t h e  pe r fo rmance  of 

s u c h  switches are: 1) t h e  o p e r a t i n g  v o l t a g e ,  2 )  t h e  main g a p  

l e n g t h ,  and  3 )  t h e  r a t i o  of t r i g g e r  g a p  l e n g t h  t o  main gap  

l e n g t h .  T h i s  s t y l e  o f  s p a r k  gap  s w i t c h  g i v e s  t h e  b e s t  r e s u l t s  

when o p e r a t e d  w i t h  a t r i g g e r  wire t h a t  g o e s  p o s i t i v e  mounted 

n e a r  t h e  p o s i t i v e  main e l e c t r o d e .  

F i g .  2 i s  a d rawing  of t h e  t y p e  of s p a r k  gap  s w i t c h e s  

t h a t  were d e v e l o p e d  t o  c o n t r o l  t h e  l i g h t  s o u r c e s .  These  

s w i t c h e s  are p r e s s u r e i z e d  w i t h  d r y  n i t r o g e n  from a compressed  

n i t r o g e n  c y l i n d e r .  The p r e s s u r e  i s  c o n t r o l l e d  by means o f  an  

o r d i n a r y  n i t r o g e n  p r e s s u r e  r e g u l a t o r .  F i g .  3 shows breakdown 

v o l t a g e  v e r s u s  gauge  p r e s s u r e  o b t a i n e d  from e x p e r i m e n t s  w i t h  
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1/4 i n  e l e c t r o d e  s e p a r a t i o n .  T h i s  c u r v e  i s  u s e f u l  f o r  s e l e c t i n g  

t h e  i n i t i a l  p r e s s u r e  when s e t t i n g  t h e  s w i t c h e s  t o  o p e r a t e  a t  a 

p a r t i c u l a r  v o l t a g e  b u t  because  of i n t e r a c t i o n s  which t e n d  t o  

c a u s e  t h e  second s w i t c h  t o  f i r e  when t h e  f i rs t  s w i t c h  i s  f i r e d ,  

t h e  f i n a l  p r e s s u r e  s e t t i n g  of t h e  s e c o n d  s w i t c h  must be made 

e x p e r i m e n t a l l y .  Because d i f f e r e n t  p r e s s u r e s  a re  needed  on t h e  

two switches,  two n i t r o g e n  r e g u l a t o r s  and two n i t r o g e n  c y l i n d e r s  

are used .  Each s p a r k  gap  s w i t c h  is f i r e d  by i t s  own t r i g g e r  

g e n e r a t o r  and p u l s e  a m p l i f i e r  c o m b i n a t i o n .  Fig. 4 i s  a s h e m a t i c  

of t he  t y p e  of t r i g g e r  g e n e r a t o r  t h a t  was u s e d  w i t h  t h e s e  s p a r k  

gap  s w i t c h e s .  These  t r i g g e r  g e n e r a t o r s  w i l l  a c c e p t  e i t h e r  a 

manual  o r  a + 2 0  v o l t  i n p u t  and have  been  v e r y  r e l i a b l e .  

L i n e  L i g h t  S o u r c e s  

F i g .  5 shows t h e  d e s i g n  of  t h e  c o n s t r i c t e d  arc 

l i n e  l i g h t  s o u r c e  t h a t  was deve loped  f rom t h o s e  u s e d  p r e v i o u s l y  

f o r  d r o p  s i z e  p i c t u r e s .  The o n l y  p a r t  of t h i s  l i g h t  s o u r c e  

t h a t  wears s e r i o u s l y  i s  t h e  s l o t  i n  t h e  t e f l o n  b l o c k  t h a t  con-  

s t r ic t s  t h e  arc. These  t e f l o n  b l o c k s  are r e p l a c e d  when t h e y  

wear enough s o  t h a t  t h e  q u a l i t y  of t h e  d r o p  p i c t u r e s  b e g i n s  t o  

a r e  c h a r g e d  t o  35 kv,  t h e  l i f e  of 

4 0 0  u s a b l e  d i s c h a r g e s .  

s u f f e r .  When t h e  c a p a c i t o r s  

t h e  t e f l o n  b l o c k  i s  from 300 - 

Con( e n s i n g  Lenses  and L i g h t  &-x s Arrangement  

The c o n d e n s i n g  l e n s e s  are u s e d  t o  co l l ec t  some of t h e  l i g h t  

from t h e  l i n e  s o u r c e s  and  form it i n t o  a s h e e t  of l i g h t  i n  t h e  
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o b j e c t  s p a c e  o f  t h e  camera. Because t h e y  must  t r a n s m i t  u l t r a -  

v i o l e t  l i g h t ,  t h e y  are made of f u s e d  q u a r t z .  As t h e y  are now 

u s e d ,  t h e  c o n d e n s i n g  l e n s e s  form a l i g h t  s h e e t  t h a t  i s  a b o u t  

1 / 4  t h e  h e i g h t  and  t h i c k n e s s  of t h e  l i n e  s o u r c e  a p e r t u r e .  The 

c o n d e n s i n g  l e n s e s  on t h e  r i g h t  are p a r t  of t h e  o r i g i n a l  e q u i p -  

ment w h i l e  t h o s e  on  t h e  l e f t  were o b t a i n e d  d u r i n g  t h e  l a s t  

y e a r .  They are similar t o  b u t  n o t  e x a c t l y  t h e  same as t h o s e  

on t h e  r i g h t .  The new c o n d e n s i n g  l e n s e s  are mounted i n  a 

h o l d e r  t h a t  i s  c a p a b l e  of easy a d j u s t m e n t  i n  t h r e e  d i m e n s i o n s  

p l u s  a small d e g r e e  of r o t a t i o n .  The l i g h t  s o u r c e  h o l d e r  on 

t h e  l e f t  i s  c a p a b l e  of t h e  same a d j u s t m e n t s  as t h e  c o n d e n s i n g  

lens. 

P h o t o g r a p h i c  Sys tem 

The camera i s  t h e  same one t h a t  was d e v e l o p e d  i n  t h e  p a s t  

f o r  m e a s u r i n g  d r o p  s i z e  d i s t r i b u t i o n s .  I t  was d e v e l o p e d  e a r l y  

i n  t h i s  p r o j e c t  and  i s  v e r y  s u i t a b l e  f o r  p h o t o g r a p h i n g  d r o p s  

from 1 0  m i c r o n s  i n  d i a m e t e r  up. I t  i s  now set  up w i t h  a 2 5  

t i m e s  l i n e a r  m a g n i f i c a t i o n  b u t t h i s  i s  a d j u s t a b l e  t o  a c e r t a i n  

e x t e n t .  I t  u s e s  a s h e e t  f i l m  camera back  and  a t w o  l e n s  s y s -  

t e m  w i t h o u t  a s h u t t e r .  It i s  o p e r a t e d  i n  a d a r k e n e d  room be- 

c a u s e  t h e r e  i s  no  s h u t t e r  and t h i s  p r e v e n t s  s t r a y  l i g h t  f rom 

f o g g i n g  t n e  f i l m .  

The d r o p l e t  p i c t u r e s  a r e  t a k e n  on 4 i n .  by 5 i n .  Royal  X 

Pan s h e e t  f i l m .  The f i l m  i s  p r o c e s s e d  i n  Kodak DK - 6 0 a  

d e v e l o p e r  a t  68 O F  f o r  12 m i n u t e s ,  t h e n  f i x e d  and  washed 



V 

n o r m a l l y .  F o l l o w i n g  t h i s ,  it i s  i n t e n s i f i e d  u s i n g  Monckhoven's 

I n t e n s i f i e r ,  t h e n  washed and d r i e d  n o r m a l l y .  

F l a s h  D u r a t i o n  M o n i t o r i n g  and F l a s h  Delav  C o n t r o l  

Samples  of t h e  l i g h t  o u t p u t  from b o t h  l i g h t  s o u r c e s  are 

d i r e c t e d  by mirrors t o  t h e  same p h o t o  t u b e  as shown i n  F i g .  6 ,  

which i s  a m o d i f i e d  b l o c k  d i ag ram of t h e  f i r i n g  c o n t r o l  and 

m o n i t o r i n g  c i r c u i t r y .  The d u r a t i o n ,  r e l a t i v e  i n t e n s i t y ,  and  

t i m i n g  o f  t h e  l i g h t  p u l s e s  a r e  o b s e r v e d  on a n  o s c i l l o s c o p e .  

The o s c i l l o s c o p e  h a s  a n  a d j u s t a b l e  d e l a y e d  t r i g g e r  o u t p u t  t h a t  

o p e r a t e s  from one  of i t s  time bases. The f i rs t  l i g h t  p u l s e  

i s  i n i t i a t e d  by manua l ly  f i r i n g  t h e  f i r s t  t r i g g e r  g e n e r a t o r .  

Then t h e  s i g n a l  f rom t h e  pho to  t u b e  c i r c u i t  s tar ts  t h e  s c o p e  

trace and  t h u s  s ta r t s  t h e  d e l a y  p e r i o d .  Af te r  a p r e s e t  d e l a y  

p e r i o d ,  t h e  o u t p u t  t r i g g e r  p u l s e  s u p p l i e d  by t h e  s c o p e  i s  f e d  

t o  a p u l s e  a m p l i f i e r .  The o u t p u t  of t h e  puis a m p l i f i e r  f i r e s  

t h e  second  t r i g g e r  g e n e r a t o r  which  i n  t u r n  f i res  t h e  s w i t c h  o f  

t h e  second  l i g h t  s o u r c e .  Schemat i c  d i a g r a m s  of t h e  p h o t o  t u b e  

c i r c u i t  and t h e  p u l s e  a m p l i f i e r  c i r c u i t  are g i v e n  i n  F i g .  7 and 

F i g .  8 r e s p e c t i v e l y .  

S p r a y  C o n t r o l  System and L i q u i d - F l u o r e s c e n t  Dye Mix tu re  

F i g .  9 i l l u s t r a t e s  t h e  a p p a r a t u s  t h a t  c a u s e s ,  c o n t r o l s ,  

and  measu res  t h e  flow o f  t h e  f l u i d  t h a t  i s  b e i n g  i n v e s t i g a t e d .  

The l i q u i d  mass f l o w  r a t e  i s  a d j u s t e d  by a d j u s t i n g  a n i t r o g e n  

p r e s s u r e  r e g u l a t o r  and  measured by means o f  a p l a t f o r m  scale 
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v i  
and  a l a b  t imer .  The s p r a y  l i q u i d ,  t h e  v a p o r ,  and  t h e  e n t r a i n i n g  

a i r  are  c a r r i e d  o u t s i d e  by a n  e x h a u s t  f a n  i n  t h e  a i r  d u c t .  

The v e l o c i t y  d a t a  t a k e n  w i t h  t h e  a p p a r a t u s  so  f a r  have  

u s e d  e t h y l  a l c o h o l  as t h e  s p r a y  f l u i d .  The e t h y l  a l c o h o l  t h a t  

i s  u s e d  is t h e  9 5 %  g r a d e  i n  which is d i s s o l v e d  5 grams p e r  l i t e r  

of F l u o r e s c e i n  water s o l u b l e  U r a n i n  (WSS Tech)  dye .  

Some U n s u c c e s s f u l  Methods 

The i n i t i a l  a t t e m p t s  t o  d e v i s e  a s u i t a b l e  d o u b l e  f l a s h  

l i g h t  source made u s e  o f  two e n e r g y  s t o r a g e  c a p a c i t o r s  and  a 

s i n g l e  l i n e  l i g h t  s o u r c e .  F i g .  10a and  F i g .  1 0 b  i l l u s t r a t e  

two of s e v e r a l  c i r c u i t s  t h a t  were t r i e d .  These c i r c u i t s  are 

s imilar  t o  t h o s e  u s e d  s u c c e s s f u l l y  f o r  t a k i n g  shadow p i c t u r e s  

by H.E. E d g e r t o n  and  o t h e r s  a t  much lower v o l t a g e s  and  smaller 

e n e r g i e s .  

t h e  facts t h a t  t h e  power s u p p l y  g i v e s  a n e g a t i v e  h i g h  v o l t a g e ,  

t h e  c a p a c i t o r  cases are c o n n e c t e d  i n t e r n a l l y  t o  one  of t h e  

p l a t e s ,  t h r e e  e l e c t r o d e  s p a r k  gap  s w i t c h e s  o p e r a t e  b e s t  w i t h  

a p o s i t i v e  g o i n g  t r i g g e r  e l e c t r o d e  mounted n e a r  t h e  p o s i t i v e  

main  e l e c t r o d e ,  and  t h e  t r i g g e r  g e n e r a t o r  and  p u l s e  t r a n s f o r m e r  

c o m b i n a t i o n  g i v e  a p o s i t i v e  t r i g g e r  p u l s e .  

The a r r angemen t  of these c i r c u i t s  was d i c t a t e d  by 

Both t h e  above  c i r c u i t s  worked s a t i s f a c t o r i l y  f o r  d e l a y s  

be tween l i g h t  p u l s e s  o f  g r e a t e r  t h a n  1 0 0  m i c r o s e c o n d s .  A s  t h e  

d e l a y  be tween l i g h t  p u l s e s  i s  r e d u c e d  from 1 0 0  m i c r o s e c o n d s ,  

t h e  s e c o n d  l i g h t  p u l s e  i s  of p r o g r e s s i v e l y  weaker  i n t e n s i t y ,  

a t  l eas t  f o r  t he  w a v e l e n g t h s  of i n t e r e s t  i n  t h e  f l u o r e s c e n t  

t e c h n i q u e ,  F i n a l l y ,  f o r  d e l a y s  of l e s s  t h a n  35 - 40  m i c r o s e c o n d s ,  
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t h e  second  l i g h t  p u l s e  becomes t o o  weak t o  p roduce  any  images  

on t h e  f i l m .  The r e a s o n  f o r  t h i s  b e h a v i o r  i s  n o t  c o m p l e t e l y  

u n d e r s t o o d ,  b u t  seems t o  be r e l a t e d  t o  t h e  d e i o n i z a t i o n  t i m e  of 

t h e  g a s  i n  t h e  l i g h t  s o u r c e  and  f i r s t  swi tch  g a p s .  If t h e  

second  s w i t c h  i s  f i r e d  b e f o r e  t h e  f irst  s w i t c h  h a s  r e c o v e r e d  

s u f f i c i e n t l y ,  a l a r g e  p a r t  of t h e  e n e r g y  t h a t  s o u l d  be  g o i n g  

t o  t h e  l i g h t  s o u r c e  gap  may be d i s s i p a t e d  i n  t h e  gap  of t h e  

f i r s t  s w i t c h .  Ano the r  p o s s i b l e  e x p l a n a t i o n  f o r  theclgak second  

l i g h t  p u l s e  i s  t h a t  t h e  r a d i a t i o n  c a u s e d  by t h e  s e c o n d  c u r r e n t  

p u l s e  o c c u r s  a t  wave leng ths  t h a t  do  n o t  s t r o n g l y  affect  t h e  

f i l m ,  t h e  f l u o r e s c e n t  d y e , o r  t h e  p h o t o  t u b e  and p e r h a p s  are n o t  

t r a n s m i t t e d  w e l l  by t h e  o p t i c a l  s y s t e m .  

F i g .  11 i l l u s t r a t e s  one method t h a t  was t r i e d  t o  c o n s t r u c t  

a l i g h t  s o u r c e  t h a t  a c t e d  as much as p o s s i b l e  l i k e  a s i n g l e  

l i n e  s o u r c e  o p t i c a l l y ,  w h i l e  a c t i n g  l i k e  t w o  s e p a r a t e  l i n e  

s o u r c e s  e l e c t r i c a l l y .  E s s e n t i a l l y ,  one  l i n e  s o u r c e  w a s  p l a c e d  

b e h i n d  t h e  o t h e r  w i t h  a t h i n  i n s u l a t i n g  window between.  F i r s t  

a window of 1 / 1 6  i n .  p l e x i g l a s s  was t r i e d .  With i t ,  some 

d o u b l e  f l a s h  p i c t u r e s  were t a k e n  w i t h  any d e s i r e d  d e l a y  between 

t h e  l i g h t  p u l s e s .  The l i g h t  p u l s e s  f rom t h e  l i g h t  s o u r c e  

b e h i n d  t h e  window, however,  were v e r y  weak and  p roduced  images  

on  t h e  f i l m  t h a t  were too  f a i n t  t o  t a k e  measurements  from. 

Fused  q u a r t z  windows 1 / 1 6  i n .  t h i c k  were t r i e d  i n  o r d e r  t o  c u t  

down t h e  l i g h t  l o s s e s  due  t o  t h e  window. The r e s u l t  was one 

b r o k e n  f u s e d  q u a r t z  window f o r  e a c h  p a i r  o f  d i s c h a r g e s .  S i n c e  

r e p l a c i n g  t h e  f u s e d  q u a r t z  window was t i m e  consuming and d i f f -  

i c u l t ,  no  s e r i o u s  a t t e m p t  was made t o  see i f  a one  f u s e d  q u a r t z  
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window f o r  one  t imed-doub le -exposure  p i c t u r e  c o u l d  b e  made. 

The p o s s i b i l i t y  o f  u s i n g  some k i n d  of beam s p l i t t e r  t o  

c a u s e  t w o  l i n e  l i g h t  s o u r c e s  t o  ac t  o p t i c a l l y  as a s i n g l e  

l i n e  l i g h t  s o u r c e  was i n v e s t i g a t e d .  T h i s  a g a i n  would have  t h e  

a d v a n t a g e  of r e q u i r i n g  o n l y  one  c o n d e n s i n g  l e n s  a n d  c o u l d  u s e  

t h e  s p h e r i c a l  mir ror  t o  l i g h t  t h e  s i d e  of t h e  d r o p  away from 

t h e  l i g h t  s o u r c e .  F ig .  1 2  i l l u s t r a t e s  t h e  b a s i c  idea.  The 

u s u a l  v a r i e t y  of beam s p l i t t i n g  m i r r o r  t h a t  migh t  be  used  i n  

t h i s  way loses c o n s i d e r a b l y  more t h a n  h a l f  t h e  l i g h t  b e c a u s e  

of s u r f a c e  r e f l e c t i o n  and  i n t e r n a l  a b s o r p t i o n  losses f o r  t h e  

t r a n s m i t t e d  beam and t h e . l o s s e s  from i n c o m p l e t e  r e f l e c t i o n  of 

t h e  r e f l e c t e d  beam. One p o s s i b l e  way of overcoming some o f  

t h e s e  o b j e c t i o n s  i s  t o  u s e  a beam s p l i t t e r  made of na r row 

s t r i p s  of h i g h  q u a l i t y  f i r s t  s u r f a c e  mir ror  w i t h  e q u a l  open 

s p a c e s  be tween.  Some s i m p l e  t e s t s  were p e r f o r m e d  by b l o c k i n g  

h a l f  t h e  a p e r t u r e  of t h e  c o n d e n s i n g  l e n s  w i t h  s t r i p s  o f  b l a c k  

p a p e r  of v a r i o u s  w i d t h s .  These t e s t s  i n d i c a t e d  t h a t  t h i s  

t e c h n i q u e  c o u l d  be u s e d  w i t h  t h e  p r e v i o u s l y  d e s c r i b e d  l i n e  

s o u r c e s  t o  t a k e  u s a b l e  p i c t u r e s  t h a t  would y i e l d  d r o p  v e l o c i t y .  

The o p t i c a l  companies  t h a t  were c o n t a c t e d  showed no  i n t e r e s t  

i n  making s u c h  a m i r r o r  so t h e  i d e a  was p u t  a s i d e  w i t h o u t  

f u r t h e r  tests.  
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